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FOHBfOHD 

The  following  Is  an  Initial  report  on  the  state 
of  progress  of  a  general  study  of  frozen  soil  oharaoteris- 
tios  with  speoifio  reference  to  interpartiole  action  under 
depressed  temperatures,  sponsored  by  the  Defence  Research 
Board  in  the  form  of  a  grant-in-aid  research  (Orant  No. 
9511-28  (G&C)),  to  Professor  Carleton  Craig,  Chairman  of 
the  Department  of  Civil  Engineering  and  Applied  Ifechanics 
at  McGill  UniTarsity,  Montreal,  Que. 

This  particular  phase  of  the  study  is  conceznad 
with  the  evaluation  of  the  behaviour  of  clay-water  systems 
subjected  to  depressed  temperatures  and  involving  electro¬ 
chemical  forces  of  interaction. 

This  report  concerns  Itself  with  the  development 
of  the  Qouy-Chapman  theory  as  applied  to  soils,  taking  into 
consideration  the  effect  of  temperature  and  its  influence 
on  the  dielectric  constant;  and  the  instrumentation  and 
procedure  for  measurement  of  the  resultant  swelling  pressure 
which  have  been  designed  specifically  for  this  study. 
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INTBODUOTIOW 

The  oharaoterlstlos  of  soil-water  Interaotlon  under 
noxmal  teiiq;>erature8  and  oondltions  have  teen  determined.  In 
particular,  studies  on  clay -water  systems  have  been  made 
recently,  relative  to  swelling  pressures  resulting  from  inter- 
particle  action  (Tong  and  Warkentln  1960;  Warkentln  et  al  1957) 
However,  the  effect  of  depressed  temperatures  on  Interpartlcle 
action  has  never  been  clearly  defined  or  well  understood,  for 
an  understanding  of  the  mschanlcs  of  frost  heaving  and  of  the 
properties  and  character  of  frozen  soil,  It  Is  necessary  to 
understand  specifically  the  interaction  phenomena  of  a  clay- 
water  system  where  the  electro-chemical  forces  play  a  dominant 
role. 

PURPOSg  OF  STPDT 

To  determine  the  effect  of  depressed  temperatures  ' 
on  the  swelling  pressure  of  an  oriented  pure  clay-water 
system  with  reference  to  the  Interpretation  of  the  role  of 
Interpartlcle  forces  in  frozen  Soil  Xnglneering.  This  report, 
however.  Is  restricted  to  the  application  of  the  Gouy-Chapman 
theory  and  the  Instrumentation  and  procedure  for  evaluation 
of  swelling  pressure  as  affected  by  depressed  temperatures. 
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THBOBT 

Pure  Olay  la  ganarally  ftafinad  aa  that  fraction 
of  naturally  ooourring  aoil  haring  an  affeotire  partlole 
dlaoiat ar  of  lass  than  two  mlorons.  Commonly  ooourring  olay 
mlnarals  are  uaually  plate  shaped  and  carry  a  nagatlra  oharga 
of  high  density  at  thalr  faoas.  Intaraotion  between  particles 
of  this  size  Is  dominated  by  aleotro-ohamioal  foroes  arising 
from  physloal  reaotion  between  the  surface  charge  of  the 
partlole  and  the  media  separating  the  particles.  A  qualita- 
tlre  and  quantltatlre  estimation  of  particle  interaction  for 
certain  pure  olay  water  systems  can  be  obtained  by  the  use 
of  the  Qouy-Chapman  Theory. 

The  Gouy-Chainan  theory  considers  a  negatlrely 
charged  plate  in  a  media  consisting  of  negatlTely  and  positive¬ 
ly  charged  ions.  In  attempting  to  establish  electrical 
equilibrium,  the  positively  charged  ions  flock  to  the  surface 
of  the  plate.  However,  due  to  the  size  and  thermal  energy  of 
the  ions,  electro-neutrality  cannot  be  established  in  an 
ionic  monolayer  and  a  diffuse  double  layer  develops  in  which 
the  electric  potential  gradually  diminishes  to  zero. 

Figures  1  to  3  Illustrate  the  development  of  the 
diffuse  double  layer. 


cone,  cf  lotTs 


.3. 


glcetrlcal  double  layey 


ng.l»  ^rangyatnt  of  lone  around  a  negatlraly 
otorfwd  Plate. 


Jig. n. Concentrations  of  lone,  with 
respeot  to  distance  from 
-fflflB_of  particle. 


Jlg.m.7arlatl  on  of  electric 

potential  In  the  diffuse 
double  layer. 


Tha  basio  aasuoqptlona  of  the  Gouy-Chapman  theoxT 


art  azpraaaad  in  the  following  three  equations : 


The  Poisson  Iquatlon 

D 

(1) 

The  Boltzmann  Squatlon  - 

(2) 

and 

Oil 

\  1  / 

- 

(3) 

where  D  Dleleotrlo  constant 

e  •  electronic  charge 

ie.  ■  Boltzmann  constant 

-  No. of  Ions  per  xmlt  volume 
at  point  "I" 

«  No. of  Ions  per  unit  volume 
In  external  solution 

T  ■  temperature 

Di  «  work  done  In  bringing  anion 
to  point  ”1" 

X  -  distance  from  particle  face 
z  -  Ionic  valence 
p  -  surface  charge  denslt7 
V  -  electric  potential 

Iquatlon  (1)  establishes  the  relationship  between  the  electric 
potential and  the  distance  from  the  particle  face. 

Xqiaatlon  (g)  esgpresses  the  ratio  between  the  concentration  of 
Ions  at  point  **1"  and  that  of  the  external  or  ’’bulk'*  solution. 

Since  the  electric  potential  diminishes  to  zero  In 
the  diffuse  layer,  then 

f  (4) 


Whll«  6b»  oatlons  are  attraotad  to  tha  plata  a 


oartain  nunbar  of  anions  will  also  antaf  tha  diffusa  doubla 
layar  and  hanoa  aquation  (4)  bsoomas- 

f> n*-  2“«o-)  (5) 

?romBq.  (1)  o^-Z’erT)  (6) 

Substituting  for  (2)  in  (6)  for  the  oasa  of  a  symmstrloal 
elaetrolyta 


The  boundarjr  oondltions  for  Bq.  (7)  are  (refer  to  Fig.3) 

(1)  At  the  faoe  of  the  plate  l.e.  x-^o  »  V— oo 

(2)  At  an  infinite  distance  away  i.e,  x-^oo>  V.-^o 


Let  M  - 

'  IdT 

<j*4^  —  ne  d*V 
’  ’  d  x*  kT  3^ 


(8) 


Substituting  Iq. (8)  in  (6) 

4.TrgVn>  I  (9) 

dx*  DkT  ** 

or-  d*u  _  sTrfe«g*o,  iinb.  (10) 

dy‘  Dk-T 


lotting- 


(11) 
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(12) 

and  on  integration  coeM,^-\-  O 

(13) 

Solving  for  "G"  by  substitution  of  conditions 

in  Squat ion  (13) 

,4i(— O 
■'  ox 

^  _  sidy  Z(coob.  ^~\) 

(14) 

rearranging  (14)  —'Zsid. 

d  X 

(15) 

f  ,  Jx  .  Jk 

3  J 

(16) 

and  |c«^(*^/4,)|  —  -idsc -j_C, 

(17) 

Solrlng  for  "O"  in  ^q.  (17)  by  substituting  v|-^oo  ,  x-^o 

U.  (18) 


or- 


Y  ■  »  to  ^co  (19) 


Iq.  (20)  oan  b«  used  to  obtain  the  value  of  V  at  distance  X 
for  any  one  set  of  conditions. 

Due  to  the  dlpolarlty  of  water,  a  clay  particle 
in  water  is  analogous  to  the  model  used  in  the  derivation 
of  Sq«(20).  However,  it  has  been  assumed  thatY«*«o  as  x—o 
This  corresponds  to  a  plane  of  infinite  charge  at  the  face 


(20) 
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of  th«  plat*  and  although  tha  aurfao*  of  tjpioal  olajr 
ffllnarali  carry  a  ralatlToly  high  oharga  density,  a  small 
error  rasulta  la  assuming  th*  surface  charge  density  to  ha 
Infinite.  By  retaining  for  mathematical  simplicity,  th* 
plan*  of  Infinite  charge  density  as  th*  origin  of  x  ,  It 
la  possible  to  calculate  the  position  at  which  a  plan* 
haring  the  charge  danslty  of  the  clay  mineral  would  occur 
with  respect  to  the  origin.  Let  be  the  distance  from 
the  plane  to  the  origin. 


from  Iq.  (1) 

a*  ^  \  -B. 

(21) 

II 

(28) 

from  Bq.  (19)  and  rearranging 

<3‘  =  (83) 

V  W 

a  ^ y  (84) 

.  .  (25) 

®  mrmficx 


In  soil  water  Interaction,  hairerer,  an  orerlapplng 
of  the  diffuse  double  layer  occurs  If  th*  particles  are  In 
close  proximity,  and  the  boundary  conditions  must  bo  revised 
for  the  solution  of  Iq.  (7). 


*  (T  •  surface  charge  density  of  the  day 
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Tli«  applloatloa  of  Iquation  (S8)  In  praotloa  oan  ba  almpllflad 
hy  the  Bubatlttttlon  of  tha  Laasnuir  approximation  and  bj  a 
aunmatioa  of  tha  potaatiala  dua  to  single  partiolea.  Tha 
auBiaation  of  separate  potentials  is  obtained  from  Iquation  (80) 
whioh  beoomes- 

^'1  (29) 

where  is  the  half  distanoe  between  partiolea  (Referring  to 
Pig.4  ),  Equation  (29)  is  valid  only  if  < 

The  intereoting  region  between  the  two  planar  inter¬ 
faces  will  have  a  potential  equal  in  sign  to  the  charge  on 
the  plates.  When  the  distanoe  between  adjacent  plates  is  small, 
the  number  of  ions  with  sign  similar  to  that  of  the  plate  will 
be  substantially  reduced.  The  Langmuir  approximation  assumes 
that  presence  of  ions  of  the  same  sign  as  the  charge  on  the 
plate  oan  be  neglected.  Hence  8q. (9)  becomes- 
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U  --  (35) 

.  .  \o.{^)  =  Y 

Differentiating  _i  ^u.«  iv  (^5) 

U.  • 

Substituting  (36)  In  (34) 

jcL  ^  <ix  (37) 

u-ysn; 

Integrating  both  sides  of  (37)  and  substituting  (35) 

From  Flg,4  when  Xm  o  ^  y-- 4t» <»-' oo  — 

To  obtain  an  expression  for  the  potential  at  mld-plana  the 
following  ralues  are  established*. — 

When  Y  ^Yc  I 


.  ,  _\Cy^  ^  _Tr  «^p(^'fy4’) 

(40) 

(41) 

Substituting  for  y 

(42) 

valid  only  when  yc^  \ 

The  aoouraoy  of  the  approximation  methods  are 
demonstrated  in  Table  I  from  which  it  is  evident  that  as  the 
Laneaulr  approximation  becomes  untrustworthy,  the  summation 


of  soparato  potantiala  juay  be  auoeaasfully  applied. 


■14v. 

Ye  lSq.88 

Ye 

from  Langmuir 

Ye 

from  potentials 

4 

0.15 

— 

0.15 

3 

0.40 

0.10 

0.40 

2 

0.98 

1.03 

1.10 

1.5 

1.50 

1.48 

1.70 

1.0 

2.30 

2.38 

3.10 

.75 

2.85 

2.86 

4.1 

.50 

3.60 

3.68 

5.6 

Table  I. 

Comparlaon  of  midpoint  potential  from 
Langmuir  approximation  and  gimmation 
of  separate  potentials. 

By  using  the  equations  derlred  above  (viz. (29)  and 
(42)),  it  is  possible  to  predict  the  effect  of  such  rariables 
as  ionic  concentration,  valence,  and  temperature  of  the  liquid 
phase  of  a  wall  oriented  pure  clay-water  system  on  the  electric 
potential  between  mineral  particles. 

It  should  be  emphasized  at  this  point  that  the  Writers 
have  been  careful  when  referring  to  the  use  of  the  Qouy-Chapman 
theory  for  analysis  of  soil  water  interaction  to  limit  its 
applicability  to  certain  particular  clay-water  systems.  For 
the  Qouy-Chapman  theory  to  be  quantitatively  applied  to  soil 
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water  ayatams  tha  taale  aaaumptiona  made  in  Ita  derivation 
nuat  be  aatiafled.  Not  all  olay  mlnerala  are  plate  abaped 
and  have ^negat Ire  charge  at  their  faoea.  In  addition,  the 
degree  of  randomneaa  In  particle  orientation  plays  an 
Important  role  In  the  effectiveness  of  the  theory's  applica¬ 
tion.  Commonly  occurring  olay  minerals  (particularly 
jQontmorlllonite)  have  a  high  surface  charge  density  and  the 
theory  Is  generally  applied  to  soils  consisting  of  such 
minerals.  It  can  be  seen  that  flocculated  soil  suspensions 
In  which  a  high  degree  of  randomness  in  particle  orientation 

exists,  do  not  satisfy  the  basic  assumption. 

arrangemant  would  tend  to  be  present  in  a  Kaollnlte  mixture 

due  to  the  presence  of  edge  charges  and  attractive  forces. 
However,  if  the  system  is  sufficiently  dispersed,  a  qualita¬ 
tive  analysis  of  soil  water  interaction  can  be  arrived  at  by 
using  the  Cony-Chapman  theory  to  determine  certain  components 
of  particle  reaction.  On  the  other  hand,  dispersed  olay 
water  systems  consisting  of  Uontmorillonlte  minerals  in  which 
there  is  a  high  degree  of  particle  orientation.  Justify 
application  of  the  Couy-Chapman  theory  if  the  ionic  concentra¬ 
tion  of  the  pore  water  is  low  and  the  electrolytes  are  mono- 

# 

valent.  When  the  ionic  valence  is  greater  than  unity  the 
particles  aggregate  into  small  packets  which  act  in  unison. 

Uontmorillonlte  clays  are  known  for  their  high 
swelling  properties.  When  such  a  soil  is  wetted  a  large 
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Toluaw  Inoreaa*  takas  plaoa.  If  this  voluaa  Inoraasa  Is 
rastrlotad,  a  prassura  is  daralopad  and  is  gsnarally  rafarrad 
to  as  tha  swalllng  prassura.  This  affaot  is  attrilsutad  to 
tha  morament  of  water  into  the  area  hstween  partloles  in 
attempting  to  satisfy  the  diffuse  double  layer  requirement  of 
the  Individual  olay  minerals.  The  area  between  the  adjacent 
partloles  has  a  higher  solute  oonoentratlon  than  In  the 
external  solution,  and  these  ions  are  unable  to  diffuse  freely 
into  the  bulk  solution.  As  a  result,  an  osmotlo  effect  is 
established  and  oan  be  expressed  quantitatively  by  the  equation 
of  Vant  Hoff,  whloh  states: 

(43; 

Where  P  is  the  force  per  unit  area  required  to  keep 
individual  partloles  at  a  spacing  of  Xjd  as  In  ?ig.4. 


From  Bq. (2) 

considering  both 
electrolyte 


o,  _  0.  e>cp. 

anions  and  cations  of  a  symmetrical 

o,  _  <1. 

P  -  z.  1^*  _  1 


(44) 

(45) 


The  swelling  pressure  as  expressed  In  Equation  (45)  is  a 
measurable  quantity  In  a  pure  olay  water  system.  Hence,  it 
Is  possible  to  oompan  measured  and  calculated  values  by  the 
use  of  Bquation  (45).  This  has  been  done  successfully  and 
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has  hsen  found  to  bs  in  oloss  agrasaont. 

There  hare  been  a  number  of  questions  raised  as 
to  the  validity  of  the  equations  derived  in  the  Gouy-Chapman 
theoxy.  Equation  (3)  states  that  the  work  required  to  bring 
an  ion  Into  the  region  of  the  charged  plate  Is  attributed 
solely  to  the  potential  energy  of  the  Ion  with  respeot  to  the 
faces  of  the  plates.  However,  the  Coulomblo  energy  of  the 
ion  In  the  eleotrlo  field  resulting  from  interaction  between 
particle  and  counter  ion,  the  polarisation  energy  of  the  Ion 
in  the  eleotrlo  field,  the  energy  of  eleotrlo  interaction 
between  ions,  and  the  repulsive  energy  resulting  from  short 
range  Interaction  between  Ions  have  been  neglected.  These 
energies,  at  first  glance,  would  appear  to  oontrlbute  a 
substantial  percentage  of  the  work  required  to  bring  an  Ion 
Into  the  diffuse  double  layer.  Bolt  1955,  concludes 

that  the  above  energies  tend  to  cancel  each  other  and  that 
the  Gouy-Chapman  theory  can  be  accurately  applied  to  colloid 

systems  where  the  surface  charge  density  does  not  exoeed- 

-7 

2  -  3  X  10  _  . 

cats'*" 

Another  apparent  fallacy  Is  that  the  dleleotrlo 
constant  of  the  media  separating  adjacent  plates  Is  constant. 

In  applying  Equations  (29)  and  (42)  to  physical  models,  the 
value  of  dleleotrlo  oonstant  "D"  Is  taken  as  that  of  the 
solvent.  The  effect  of  electrolyte  oonoentratlon  on  dleleotrlo 
oonstant  of  aqueous  suspension  Is  well  known.  (Hasted  et  al  1948). 
The  ionic  oonoentratlon  in  the  diffuse  double  layer  Is  greater 
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than  111  ths  external  solution  and  increases  as  the  faoe  of 
the  charged  plate  is  approached.  From  this  it  would  appear 
that  substitution  of  the  standard  value  of  "IT  (i.e.  thdb 
of  the  solvent)  in  Equation  (29)  or  (42)  should  yield  a 
variation  between  calculated  and  measured  values  of  potential  4^  • 
The  field  strength  within  the  diffuse  double  layer  is 
relatively  high,  and  one  would  expect  further  variation  in 
dielectric  constant  in  this  area  due  to  dleleotrio  satura¬ 
tion.  The  effect  of  dielectric  saturation  has  been  investi¬ 
gated  by  Graham  1954  who  finds  that  correction  of  the 
dielectric  constant  is  unnecessary,  and  that  by  using  the 
solvent  value  of  "D"  in  the  Oouy-Chapman  theory,  close  agree¬ 
ment  between  measured  and  calculated  values  will  be  obtained. 
Although  the  dleleotrio  constant  in  the  diffuse  double  layer 
is  not  in  fact  constant,  the  effect  of  its  variation  within 
the  d iffuse  double  layer  does  not  make  Itself  felt  on  the 
measurable  quantities.  As  to  the  validity  of  the  Oouy-Chapman 
theory,  the  writers  find  support  from  OrahaiiBl954  who  states 
that- 

”The  classical  theory  of  the  double  layer  is  more 
reliable  in  practice  than  has  been  generally 
supposed  or  than  one  mlg^t  expect  from  the  rather 
dubious  character  on  which  the  assumptions  are 
based.  In  particular,  the  theory  assumes  that 
the  work  needed  to  transport  an  ion  of  charge  ba 
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"from  the  interior  of  the  solution  to  a  region 
of  potential  ^  is  .  The  potential  4^ 

is  assumed  to  raxy  along  one  coordinate  only 
and  is  supposed  to  he  influenced  by  the 
approach  of  the  ion  in  question.  These  are 
assumptions  inherent  in  the  use  of  the  Poisson 
Boltzmann  equation  and  are  therefore  fundamental 
to  the  Debye  Huokel  theory  of  interionio 
attraction  as  well.  The  success  of  that  theory 
gives  proof  of  the  practical  validity  of  the 
above  stated  assumptions  regardless  of  their 
debatable  logical  function." 

However,  the  Qouy-Chapman  theory  has  never  been 
verified  for  variation  in  temperature.  Since  this  theory 
can  be  accurately  applied  to  certain  pure  clay-water  systems 
to  explain  interparticle  action  under  normal  conditions,  and 
since  an  understanding  of  soil-water  interaction  at  depressed 
temperatures  is  required,  it  is  necessary  to  test  experiment¬ 
ally  the  validity  of  the  theory  at  depressed  temperatures. 

A  portion  of  the  study  will  deal  with  an  analysis  of  the 
Qouy-Chapman  theory  for  depressed  temperatures,  ficperlments 
have  been  devised  so  that  measured  values  of  swelling  pressure 
can  be  compared  to  the  values  calculated  from  Bq. (29)  (42)  and 
(45).  At  the  same  time  the  effect  of  temperature  on  the 
swelling  pressure  of  a  well  oriented  pure  clay  water  system 
can  be  evaluated. 
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Slttoe  the  Oouy-Chapman  thaoxy  la  to  be  tested  by 
eTaluating  the  effect  of  temperature  on  the  swelling  piressure 
of  a  saturated  montmorlllonlte  system,  the  conditions  of 
testing  In  the  laboratory  must  at  all  times  conform  to  the 
basic  assumptions  of  the  theory.  To  attain  this,  It  was 
necessary  to  design  a  system  by  which  temperature  controlled 
measurements  of  the  swelling  pressure  of  a  well  oriented 
pure  clay  sample  could  be  obtained  at  various  ionic  concen¬ 
trations  and  particle  spaoings.  The  preparation  of  oriented 
clay  samples  requires  special  technique  which  is  described 
later  under  the  section  headed  "Sample  Preparation". 

AIPARATD3.  The  apparatus*  consists  of  2  portlons- 

A.  A  plexiglass  swelling  chamber  enclosed  in  an 
Insulating  box  containing  a  constant  tempera¬ 
ture  bath  and  a  freezing  coll. (Fig. 1  Appendix). 

B.  An  external  system  of  valves  and  pressure 
tubing  connected  to  the  above  and  to  a  mercury 
manometer  and  compressed  air  cylinder. 

(Fig. 2  Appendix). 

Section  "A"  of  the  apparatus  contains  the  soil 
Sample  and  allows  for  expansion  and  contraction  of  the  soil 
Sample  at  various  temperatures.  The  amount  of  expansion 
or  contraction  and  the  pressure  in  the  swelling  chamber  Is 
recorded  In  Section  "B"  of  the  apparatus. (Refer  Flg.2  Appendix). 


*  Figures  and  pictures  of  apparatus,  etc.  are  to  be  found 
In  the  Appendix. 
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The  swelling  pressure  ohanber  ooasists  of  a  plezl- 
glasa  oyllndar  (I.D.l.SS**,  0.8.2.25")  with  a  rsmowable  cap 
at  one  end  which  is  held  In  place  by  two  4i"  dla.  thick 
brass  plates  bolted  together  by  four  ^  brass  bolts. 

Inside  the  cylinder  there  is  a  small  stainless  steel  piston 
which  can  be  moved  along  the  length  of  chamber  by  forcing 
or  withdrawing  mercury  through  the  inlet  provided  on  the 
side  of  the  chamber  just  above  its  base.  The  Inlet  is 
connected  to  the  external  system  (]ilg.2  Appendix)  through 
the  constant  temperature  bath  and  insulating  box.  The  cap 
of  the  cylinder  Is  made  of  plexiglass  and  consists  of  a 
porous  stone  and  an  inlet  at  the  top  for  saturation  of  the 
porous  stone.  A  porous  stone  is  also  set  in  the  face  of 
the  stainless  steel  piston  and  can  be  saturated  through  the 
opening  at  the  base  of  the  chamber  whloh  is  oonneoted  to  the 
piston  by  means  of  a  ooiled  Tygon  tube.  The  tolerance  be¬ 
tween  the  clroumferenoe  of  the  stainless  steel  piston  and  the 
walls  of  the  chamber  is  .005". Temperature  measurements  are 
made  within  the  chamber  by  means  of  a  copper  oonstantln 
thermocouple  whloh  passes  through  the  oap  and  sits  on  the  face 
of  the  porous  stone. 

When  the  plexiglass  swelling  chamber  is  assembled, 
it  sits  in  a  constant  temperature  bath  surrounded  by  a 
freezing  coil.  The  freezing  coil  is  capable  of  operating 
from  room  temperature  to  -40"  7.  with  a  minimum  fluctuation 
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of  .5*  7.  Tha  oooatant  tmparature  bath  la  Inaulatad  and 
oontalaa  an  agitator  and  thamomatar.  Tha  soli  8aflq;>la  la 
plaoad  In  tha  awalllng  ohambar  batwaan  tha  porous  ptona  of 
tha  oap  and  that  of  tha  stalnlass  ataal  piston  and  oan  ba 
saturatad  by  lutroduolng  the  saturating  fluid  at  (13)  and 
applying  a  vacuum  at  (6). (Refer  Tlg.l  Appendix).  Inlet 
(13)  Is  oonneoted  to  tha  salt  solution  souroe  which  Is  made 
accessible  by  using  valve  (A).  (71g.2  Appendix).  Inlet  (6) 
is  ccnnacted  to  a  vacuum  piamp  by  way  of  a  salt  solution 
trap  which  allows  tha  saturation  fluid  to  be  collected  and 
removed  for  analysis  after  it  has  been  passed  through  the 
soil  sample. 

Due  to  the  necessary  Insulation,  when  tha  apparatus 
Is  In  operation  volume  changes  of  the  sample  cannot  be  ob¬ 
served  in  the  chamber.  Referring  to  71g.2  Appendix,  tha  heavy 
lines  In  the  system  Indicate  that  this  portion  Is  saturatad 
with  mercury  and  as  a  result  any  change  of  volume  occurring 
In  the  chamber  will  be  indicated  by  either  a  rise  or  fall  of 
the  level  of  the  mercury  In  Column  (3).  The  ratio  of  the 
cross-section  of  area  of  the  chamber  to  that  of  Column  3  Is 
such  that  a  small  volume  change  of  the  sample  In  tha  swelling 
chamber  will  cause  a  large  change  In  the  level  of  mercury  In 
Col\imn  3,  thus,  allowing  an  accurate  measurement  of  the  volume 
change  of  the  sample  to  be  obtained.  The  piston  is  moved  up 
and  down  In  the  chamber  by  varying  the  pressure  on  the  mercury 
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in  Column  3  by  use  of  TalTOS  (J)  (K)  (M)  and  (N).  The 
meroury  aaaometar  la  uaad  to  Moord  the  swelling  pressures 
and  oan  measure  pressures  in  ezoess  of  10  atmospheres  to 
the  nearest  millimeter  of  meroury.  The  swelling  pressure 
of  the  soil  sample  la  measured  In  Column  2.  Column  3  oan 
then  also  be  used  In  the  measurement  of  swelling  pressure, 
but  its  use  will  tend  to  yield  less  aoourate  ralues  than 
by  Column  2. 

SAMPLB  PRgPARATION 

Samples  are  made  up  from  the  less  than  two  mloron 
fraction  of  Wyoming  Bentonite,  supplied  through  the  courtesy 
of  the  a.?.Pettlnos  Co.  Ltd,  This  particular  clay  has  been 
found  to  contain  very  little  Impurity  and  the  only  Initial 
purification  required  before  separating  the  less  than  two 
mloron  fraction  consists  of  washing  the  raw  clay  In  distilled 
water.  Separation  of  the  less  than  two  mloron  fraction 
consists  of  dispersing  a  small  amount  of  the  clay  in  distilled 
water  (less  than  2%  clay  by  weight)  and  siphoning  off  the 
upper  portion  of  the  mixture  at  selected  Intervals  of  time. 
Stokes  law  Is  used  to  obtain  the  approximate  depth  at  which 
siphoning  should  take  place.  The  clay  is  then  rendered  homo- 
lonlo  by  passing  the  collected  supernatant  through  Ha  * 
saturated  exchange  resins. 

A  parsllel  oriented  sample  Is  obtained  by  allowing 
the  clay  suspension  to  settle  slowly  In  a  small  plexiglass 


%ttbe  whloh  has  Its  bottom  end  sealed  by  a  oellophane  membrane 
The  plexiglass  tubes  are  placed  on  top  of  a  drying  oren  with 
an  air  space  being  prorided  between  the  oellophane  membrane 
and  the  top  of  the  oven.  Sraporation  takes  place  slowly 
resulting  in  a  wafer*llke  olay  plate  whloh  oan  be  remowed 
from  the  tube  by  removing  the  oellophane  membrene.  The  plezl 
glass  tubes  are  li**  long  and  have  an  internal  diameter  suoh 
that  the  olay  wafer  can  he  fitted  neatly  into  the  swelling 
Chamber.  Individual  samples  consist  of  several  wafers  stuck 
together  by  spreading  a  thin  film  of  distilled  water  over 
the  face  of  each  wafer  and  pressing  them  together. 

PROCBDURg. 

The  apparatus  is  first  calibrated  for  the  experi¬ 
mental  conditions  so  that  Inherent  effects  of  the  system 
suoh  as  that  of  temperature  on  the  volume  change  of  the 
mercury  in  the  swelling  chamber  oan  be  allowed  for.  A  brief 
outline  of  the  procedure  for  measuring  swelling  pressure 
with  the  apparatus  follows:  (Refer  to  ?lg.2.  Appendix).  The 
swelling  chamber  is  assembled  in  the  constant  temperature 
box  with  the  freezing  coll  and  accessories  in  place.  The 
chamber  is  connected  to  the  external  system  through  the 
insulating  box  and  the  mercury  lines  saturated.  The  stain¬ 
less  steel  piston  is  brought  to  the  zero  position  by  allow¬ 
ing  merouiy  to  enter  the  chamber  (through  (7)  Fig.l  Appendix) 
and  the  level  recorded  in  Column  3.  The  porous  stones  and 
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saturatlon  lines  are  saturated  with  distilled  water. 

Hllllpore  mambranes  oover  the  porous  atones  to  prerent  them 
from  beooffllng  ologged  with  olay.  The  sasqple  Is  plaoed  In 
the  chamber  and  the  oap  bolted  securely  Into  position.  The 
sample  Is  then  saturated  (Valve  C  closed)  with  distilled 
Water  (a  small  volume  change  takes  place  In  the  sample 
during  this  process).  On  saturation,  whloh  can  be  predicted 
by  observing  the  pressure  gauge,  the  sample  is  slowly 
expanded  to  a  predetermined  value  by  opening  valve  (C)  and 
(H)  and  using  the  compressed  air  cylinder  and  valves  (J) 

(K)  (M)  and  (N)«  When  the  required  expension  has  been  ob¬ 
tained  all  valves  are  closed  and  salt  solution  is  passed 
through  the  sample  by  opening  valves  (A)  and  (B)  and  apply¬ 
ing  vacuum  until  analysis  of  the  solution  in  the  trap  indicates 
that  the  sample  has  been  effectively  saturated. 

The  swelling  pressure  of  this  volume  expansion  is 
obtained  in  the  following  manner: 

When  the  reading  on  the  pressure  gauge  is  constant, 
the  mercury  manometer  is  pumped  up  by  the  compressed  air 
cylinder  to  a  pressure  slightly  greater  than  that  indicated 
on  the  pressure  gauge.  The  manometer  is  then  allowed  to  exert 
this  pressure  on  the  soil  sample  through  Column  2.  Since 
valves  (A)  and  (B)  have  been  closed  previous  to  this  time, 
no  compression  of  the  sample  will  take  place.  The  excess 
pressure  of  manometer  is  slowly  dissipated  through  (F)  and  (0) 


until  a  small  moYamaat  In  the  IstsI  of  marourj  in  the  glass 
eapilliary  portion  of  Column  2  is  obserrad.  (The  msrouzy 
leral  hare  is  always  kept  at  the  same  lerel  as  that  in  the 
bhamber).  As  a  change  in  level  2  occurs,  valve  (0)  is  shut 
and  the  manometer  reading  is  obtained.  This  value  is  the 
swelling  pressure  of  the  sample  for  the  particular  tempera¬ 
ture,  salt  concentration  and  soil  volume. 

The  temperature  of  the  sample  is  then  decreased 
to  a  predetermined  value  for  this  soil  water  system  and  the 
swelling  pressure  is  obtained  as  described.  Swelling 
pressures  will  be  obtained  for  several  temperatures,  particle 
spaclngs  and  salt  concentrations.  These  will  be  compared 
with  calculated  values  obtained  from  Bqs.  (29)  (42)  and  (45). 
The  salt  oonoentrative  will  range  from  .OIU  to  .00111  Na  Cl 
and  temperatures  from  room  temperature  to  -10*C  or  lower  if 
necessary.  The  degree  of  particle  orientation  obtained  in  the 
special  preparation  of  sasqple  can  be  checked  by  checking  the 
system  for  hysterlsls  losses. 

The  volume  expansion  of  the  sample  oan  be  related 
to  individual  particle  spacing  if  the  dry  weight  and  thick¬ 
ness  of  the  clay  plate,  and  the  volume  of  soil  and  water  in  the 
chamber  are  known  at  all  times.  Such  properties  of  the  clay 
as  cation  exchange  capacity,  and  specific  surface  area  of 
the  clay  used  in  the  experiments  will  be  available  from  a 
separate  study  being  carried  out  on  the  pezmeability  of  clays. 


This  efeudy  will  also  provlda  X-ray  diffraotioa  studies  of 
the  Olay  whloh  will  he  useful  In  oheoking  Interpartlole 
spaolngs  in  the  swelling  ohamber. 

CONCLUSION 

An  apparatus  which  will  measure  efficiently  the 
swelling  pressure  of  a  well  oriented  pure  clay  water  system 
at  depressed  temperatures  and  various  salt  concentrations 
has  been  designed  and  construoted  in  an  attempt  to  evaluate 
soil-water  Interaotion  at  depressed  temperatures.  At  the 
same  time  the  work  will  provide  an  analysis  of  the  validity 
of  the  Gk)uy-Chapnian  theory  for  depressed  temperatures. 

The  Gouy-Chapman  theoiry  is  well  known  for  its 
application  to  clay  soils  in  explaining  soil  water  interaotion 
at  normal  temperatures  and  conditions.  However,  the  theory 
has  never  been  verified  for  change  in  temperature  and  predicts 
that  as  temperature  decreases,  the  swelling  pressure  also 
deorpases.  The  writers  believe  that  swelling  pressures  will 
decrease  as  temperature  decreases,  in  accordance  with  the 
theory,  until  the  critical  temperature  at  whloh  the  pore  water 
freezes  is  reached.  This  temperature  should  be  marked  by  an 
increase  in  pressure. 

Studies  relating  the  quantity  of  unfrozen  water 
in  a  frozen  soil-water  system  with  initial  water  content 
(long  1960)  have  shown  that  the  degree  of  particle  Interaotion 
resulting  from  interpartlole  forces  of  attraction  and  repulsion 
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playa  an  Important  rola  In  soil  freezing.  The  extent  to 
which  interpartiole  foroes  can  be  felt  can  well  be  measured 
by  isolating  these  foroes  -  as  suoh  has  been  the  oase  for 
this  study.  Zxisting  theories  fail  to  provide  for  temperature 
oorreotions  in  most  oases  and  unless  extensions  of  these 
theories  are  made,  oomputations  of  resultant  interpartiole 
aotlon  from  theoretloal  considerations  cannot  bo  made  with 
full  confidence. 

The  writers  propose  to  study  a  particular  purified 
Olay  whose  properties  are  well  known  and  have  examined  the 
Oouy-Chapman  theory  with  spec if lo  reference  to  temperature 
effects. 
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